Tetrazole compounds have recently been found to impact on crystal morphology but in a manner different to carboxylate molecules. One such molecule was found to stabilize vaterite and this was investigated by assessing the impact of systematic changes on its structure. It was found that both the tetrazole and the acetyl functionality were required for vaterite stabilisation. The mechanism of stabilisation appears to be via inhibition of vaterite dissolution.
Introduction
The impact of impurities or additives on crystal growth is relevant to many areas, including the control of scale formation, biomineralisation, pharmaceutical manufacturing, and so on [1] [2] [3] . From a fundamental perspective, additives have enabled the study of novel phenomena such as mesocrystal formation, by stabilising metastable crystalline structures [4, 5] . In biomineralisation, minerals-associated proteins are proposed to be a key component of the exquisite control of crystal growth achieved in Nature; such proteins are typically rich in carboxylatefunctionalised amino acids (aspartic and glutamic acids). Industrial scale inhibitors, particularly polymeric additives, are also often carboxylate-based. Despite a very substantial body of literature, the fundamentals of additive-crystal surface interactions are still not fully understood, and the ab initio prediction of the impact of a specific additive on a particular crystal system is yet to be achieved.
In this context, tetrazoles are an interesting functional group to consider.
Tetrazoles and carboxylic acids have very similar pKa values, hence this heterocycle has often been employed as a more metabolically stable substituent replacing the carboxylic acid group. The replacement of the acid for the tetrazole has led to the discovery of a variety of formulations possessing medicinally relevant properties, viz. antifungal, antibacterial, anticancer and also antineurodegenerative activities [6] .
The use of tetrazoles as non-metabolised analogues of carboxylates inspired us to investigate and compare their properties on crystal growth with respect to their carboxylic acids counterparts. We have previously reported that differently substituted 5-aryltetrazole species have an impact on CaCO3 and BaSO4 growth [7] .
It was found that the impact of the tetrazole-functionalised additive is different to that of the equivalent carboxylate-containing molecule. In the case of CaCO3 crystal growth, one of the tetrazole-containing species, namely 4-(1H-tetrazol-5-yl)benzaldehyde (herein referred to as 2, Fig 1. ) was found to stabilise vaterite particles, these being the dominant form even after 2 weeks incubation. This was not observed for other para functionalised aryltetrazoles investigated, viz. methyl 4-(1H-tetrazol-5-yl)benzoate, (1H-tetrazol-5-yl)benzene and 1,4-bis(1H-tetrazol-5-yl)benzene [7] . Vaterite stabilisation is of great interest in the field of Biomineralisation and in understanding the various mechanisms by which organic molecules can impact on crystallization (see [8] and references therein).
Stabilisation of vaterite is not commonly observed for small molecules although amino acids and ethylene glycol have been reported to do so [9, 10] . Inorganic ions, such as copper and magnesium ions, have been shown to form surface precipitates that stabilise vaterite by protecting it from dissolution [11, 12] . For the most part, long term stabilisation of vaterite is achieved by the use of long chain organic molecules [13] [14] [15] .
In this paper, therefore, we investigate what aspect of the functional group and its structure impacts on the ability of the molecule to stabilise or destabilise vaterite formation and probe the most likely mode in which the additive is stabilising the vaterite. In order to do this we compare the formyl/tetrazole 2 to the analogous carboxylate 1 and to the tetrazole/methyl ketone 3 (Figure 1 ).
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Experimental
Synthesis
Solvents and reagents, including the carboxylic acid 1, were purchased from Sigma Aldrich and used as received without any purification. Compounds 2 and 3
were synthesised according to a previously published procedure [16] .
Calcium Carbonate Crystal Growth by Diffusion
Calcium carbonate crystals were grown slowly in the presence of additives, by diffusion of carbon dioxide and ammonia into a calcium chloride solution, as described previously [7] . Four open beakers containing calcium chloride solutions (10 mL, 7 mmol) and the appropriate concentrations of the additives were placed in a glass desiccator (14 cm diameter, 7 cm deep). In order to facilitate the recovery of the crystals, microscope coverslips (pre-soaked in 1 M HCl and rinsed with ultrapure water and dried) were placed in the beakers. A vial of solid ammonium carbonate (ca. 1g) with a plastic screw cap punctured by a single needle hole was placed in the middle of the desiccator. The glass desiccator was then sealed. The coverslips were recovered at different times, up to a period of 2 weeks, or the time as stated, rinsed with water and dried in air before being prepared for SEM investigation. Additive solutions were added as pH 6 adjusted solutions. In this system crystallization occurs as soon as the carbonate concentration is above the metastable limit and so is quite low in comparison the the supersaturation for the direct crystallization discussed below.
Direct crystallization
For the Raman and infrared analysis, calcium carbonate was also directly crystallized. This allowed the behaviour of the organic additives to be investigated in the absence of ammonia, which is known to have a small stabilising effect on vaterite [14] . In a clean glass beaker, 1 mL calcium chloride solution (0.1 M) was diluted by the addition of 25 mL of ultrapure water. A magnetic stirrer bar was added and the solution stirred while 6 mL sodium carbonate (0.1 M) was added drop wise. Excess carbonate was added so that the pH was raised sufficiently for crystallization. The formed solids were filtered immediately, washed three times with ultrapure water and dried in a dessicator at room temperature. The final supersaturation ratio for this reaction is very high and is calculated to be ~19,500.
This was repeated with 1 mL (10,000 ppm) additive stock solution present. The dried solids were then ready for vibrational spectroscopy analysis.
Vibrational Spectroscopy Analysis
Raman spectroscopy is a relatively simple method of determining the polymorph of calcium carbonate present [17] . The cover slips were collected from the crystallization vials, excess fluid soaked up by tissue before being dried and stored in a desiccator. The dried coverslip was then viewed under a 50x microscope objective attched to a Dilor Labram 1B Raman spectrometer. A particle was chosen and the beam aligned with the centre of the particle before collecting data on that particle. The acquisition parameters for the Raman spectrum were: wavenumber region 100-1200 cm -1 , 4 cm -1 resolution, 1800 grating, using 633 nm laser reference beam. Similarly, the solids from the direct crystallization were viewed under a 50x
microscope objective attached to the Dilor Labram 1B Raman spectrometer. The
Raman spectrum was obtained using the same acquisition parameters stated above.
In this instance however, discreet particles were not observed as they were too small (much less than 50 µm) and many particles are in the measurement zone. However, the Raman spectra from the slow diffusion experiments confirm the ability to differentiate between vaterite and calcite by this method.
Diffuse Reflectance Infrared Fourier Transform (DRIFT) was performed on the solids to determine the surface adsorbed organic species if present as this technique is more sensitive to surface adsorbed species [18] . The solids were diluted to 3wt%
in dry KBr and placed in a diffuse reflectance cup for the infrared spectrum collection. A diffuse reflectance accessory on a Bruker IFS 66 instrument with 4 cm -1 resolution and 256 scans per spectrum was run with pure KBr as the background.
Scanning electron microscopy (SEM)
The cover slips were collected from the crystallization vials, placed on a carbon coated SEM stub and carbon paint was applied to the edges of the glass cover slip to minimise charging effects before being stored in a desiccator. The samples were subsequently gold sputtered prior to viewing in a Philips XL30 or Zeiss Evo SEM.
Turbidimetric analysis of nucleation rate
The homogenous nucleation rate can be measured by nephelometry. In essence, the measurement of absorbance at 900 nm can be interpreted as a turbidity value
[19] and the time taken before the turbidity increases above the background (known as the induction time) measured. Since the induction time is inversely proportional to the nucleation rate, changes in induction time directly relate to bulk/homogenous nucleation and the surface free energy of the critical nuclei [20] . The experimental conditions were similar to that for the direct precipitation. More specifically, 20µL of 0.1M calcium chloride solution was added to 4 mL ultrapure water in a UV cuvette. To initiate crystallization 120 µL, 0.1M sodium carbonate solution (conditions mimic direct crystallization experiments) was added to the solution and the UV-vis data collection (absorbance versus time at 900 nm) started. The benzyl additives were added to the volume of water such that 500 ppm of additive was present and the volume was kept constant at 4 mL.
Results and Discussion
Slow Diffusion Morphologies and Phases
The formyl and acetyl substituted 5-aryltetrazoles 2 and 3 were synthesised by treatment of the corresponding para substituted nitriles and sodium azide in the presence of triethylammonium chloride in refluxing toluene [16] . The crystallization of calcium carbonate in the absence of impurities is shown in Figure   2 . Initially both calcite rhombs and vaterite spheres are observed and this was confirmed with the Raman spectrum from each of the different shaped particles (Figure 3 ). Raman spectroscopy was used throughout to confirm the composition of crystals of specific morphologies [17] . vaterite has converted to calcite, thus the impact we observe here is not due to ammonia stabilisation. In addition, we can conclude that exchanging the tetrazole moiety for the carboxylate group on the benzene ring has a significant impact on the crystal growth modification behaviour.
Next, retaining the tetrazole group in 2, and altering the formyl functionality was investigated using additive 3. The resulting crystals are shown in Figure 2d ; a mixture of vaterite and calcite is once again observed, as found for the blank and additive 1. The density of crystals deposited appears to be somewhat reduced, but this may have been a localised effect. Of most importance here, the results show that both the tetrazole and formyl groups are required to stabilise the vaterite crystals.
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Looking more closely at the particles formed to gain greater insight into the crystallization impacts, it is found that the calcite particles deposited in the presence of 1 have slightly curved edges compared to the control ( Fig. 4a and b) . This suggests that the additive has an inhibitory effect on the calcite crystal growth, resulting in inhibition at steps on the crystal face, as is observed for many carboxylate-based, and other, inhibitors [21, 22] . 
Turbidimetric analysis
The results from the turbidity measurements (Figure 6a) show that while there is some scatter in the induction time measured for the calcium carbonate control, the fact that no particles are detected by 1000 seconds in the presence of all three additives at 500 ppm (Figure 6b ) implies that all three species inhibit homogenous nucleation (of vaterite) at this concentration. Thus, why one should promote vaterite over calcite crystallization is not elucidated by this behaviour as all three impact on the surface free energy in the same way. 
DRIFT and Raman analysis
In order to try and obtain information into the possible mechanism of this stabilisation, we also carried out direct crystallization experiments. These experiments are conducted in the absence of ammonia and thus any impact of ammonia can be excluded. In addition, it was important to determine whether the impact of the formyl tetrazole was to stabilise vaterite under quite different conditions. These experiments have a much shorter timeframe than the slow growth experiments discussed above and the supersaturation is also much higher.
It was found, using Raman spectral analysis, that only vaterite was observed when 2 was present ( Figure 7) . Thus, when 2 is not present, the vaterite is able to tranform to calcite even on this short timeframe (2-5 minutes). In fact, the control gave a mixture of calcite and vaterite as would be expected while for the case of the species 1 and 3 being present only calcite was observed in the Raman spectrum.
Thus, as found for the SEM images, these latter two molecules appear to favour calcite formation. If we hypothesise that the stabilisation by species 2 is due to inhibition of the dissolution of vaterite then the mechanism must involve species 2 adsorbing onto the vaterite surface. We did not measure the calcium concentration in solution since, if the vaterite is being physically stopped from dissolving, it will not alter the thermodynamic equilibrium solubility of the system prior to the formation of the vaterite. Also, the morphology of the vaterite did not appear to be influenced by these molecules, thus, templating effects could be ruled out. The lack of morphological change suggests that species 2 may be a weak inhibitor affecting at most the rate of vaterite growth rather than the thermodynamics of the individual faces. Thus, we conducted DRIFT analysis to ascertain the molecules' respective adsorption onto the directly crystallized solids. DRIFT spectra on these samples clearly show that 2 is adsorbed on the surface of the calcium carbonate particles (see Fig. 8 ) but that the other molecules do not appear to be appreciably adsorbed. This is consistent with the impact of the additives 1 and 3 on calcium carbonate crystallization as threshold inhibitors (impacting on growth features only, for example). All three additives were found to inihibit homogenous nucleation. The mechanism of vaterite stabilisation, therefore, appears to be due to the greater adsorption of the tetrazole after formation of the vaterite and this adsorption impedes its dissolution, thereby hindering any transformation to calcite. While this is sometimes used to explain the impact of large protein molecules on vaterite stabilisation [23, 24] , templating effects tend to be cited more often [25] [26] [27] [28] [29] [30] . Our hypothesis, however, is supported by both the visual appearance of the vaterite after 14 days in the presence of the tetrazole and by the adsorption of the tetrazole onto the vaterite surface from DRIFT analysis. Also, the similarity in the inhibition of homogenous nucleation would suggest that species 2 should then behave (from a surface energy perspective) similarly to species 1 and 3. This was not observed. It suggests that in Nature, and just as is found for inorganic molecules, one way to stabilise vaterite is to limit its dissolution and therefore its transformation to calcite (which is known to occur via a dissolution-recrystallization step) [31] .
Future work will focus on obtaining AFM data in the presence of these molecules and further investigating the role of chain length. 
